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ABSTRACT
The production of Coffea arabica L. clone seedlings through the somatic embryogenesis technique is one of the alternatives of greatest 
demand for coffee producers. However, clones can face difficulties related to acclimatization carried out under greenhouse conditions, 
which can increase the production costs. A tested alternative with promising results is inoculation with arbuscular mycorrhizal fungi 
(AMF) during the seedling acclimatization process. Thus, this study aimed to promote the improvement of the seedling production 
process through somatic embryogenesis associated with inoculation with AMF. For the production of the clones, seedlings were used in 
the phase when they presented four pairs of leaves (Clone 1 “Fruiting red Catucaí” and Clone 2 “Acauã”), using “somatic embryogenesis” 
bioreactors, followed by inoculation with Rhizophagus clarus, Gigaspora margarita and Acaulospora mellea, a mixture of R. clarus and G. 
margarita and a mixture of R. clarus, G. margarita and A. mellea. After six months, agronomic parameters, leaf nutrient contents and root 
mycorrhizal colonization were evaluated. The studied clones behaved differently when inoculated with AMFs. Clone 1 showed the best 
development in the greenhouse, which was determined by the agronomic parameters. Thus, Clone 1 is indicated for the production of 
vigorous seedlings when associated with inoculation with AMFs.
Index terms: Propagation; rooting; clones; mycorrhizae; mineral nutrition.
RESUMO
A produção de mudas de clone de Coffea arabica L. é uma das alternativas de maior demanda para cafeicultores, existindo programas 
de melhoramento através da técnica de embriogênese somática, no entanto, os clones apresentam dificuldades de pegamento na fase 
de aclimatação em casa de vegetação elevando custo de produção. Uma alternativa testada com resultados promissores é a inoculação 
com fungos micorrízicos arbusculares (FMA) durante o processo de aclimatação das mudas. Assim, o objetivo deste trabalho foi promover 
a melhoria do processo de produção de mudas através de embriogênese somática associada a inoculação com fungos micorrízicos 
arbusculares. Para a produção dos clones, plântulas foram utilizadas quando apresentaram quatro pares de folhas (clone 1 “Frutificação 
vermelha Catucaí” e clone 2 “Acauã”) produzidos e desenvolvidos em biorreatores “embriogênese somática” e quando levadas para o 
viveiro inoculadas com Rhizophagus clarus, Gigaspora margarita e Acaulospora mellea, a mistura de R. clarus e G. margarita e a mistura de R. 
clarus, G. margarita e A. mellea. Após seis meses foram avaliados os parâmetros agronômicos, teores de nutrientes foliar e a colonização 
micorrizica nas raízes. Os clones se comportaram diferentemente quando inoculados com o FMAs, sendo que o clone 1, o que apresentou 
melhor desenvolvimento no viveiro determinadas pelos parâmetros agronômicos, sendo indicada na produção de mudas clonais vigorosas 
qu, ando associado a inoculação com fungos micorrízicos arbusculares.
Termos para indexação: Propagação; enraizamento; clones; micorrizas; nutrição mineral.
INTRODUCTION
Coffee is a crop of significant importance for 
the Brazilian agribusiness. It promotes economic and 
social development, generating jobs in the coffee 
producing regions (Embrapa, 2006). The State of 
Minas Gerais stands out as the largest Brazilian 
producer of Coffea arabica L., contributing to more 
than half of the total national production (Conab, 
2020).
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Lately, new methods to increase coffee productivity 
and quality have been pursued by Brazilian coffee growers 
and researchers. The production of clones of hybrids of 
C. arabica L. is one of the most promising alternatives 
(Etienne et al., 2002). Besides the increase of over 30% 
in productivity when compared with traditional cultivars, 
it is also possible to add features of interest more quickly 
than traditional methods related to the obtention of plant 
varieties (Bertrand et al., 2005).
As an alternative to the multiplication of F1 
hybrids, somatic embryogenesis stands out among the 
methods of vegetative propagation. Small amounts of 
source material (leaves) are used for the production 
of high numbers of clones (Rezende et al., 2012). 
However, clones of C. arabica L. produced via somatic 
embryogenesis can present some post-laboratory 
complications, such as the high cost for the production 
of clones and the difficulties considering their 
acclimatization (Etienne et al., 2002; Carvalho et al., 
2013). Thus, the use of arbuscular mycorrhizal fungi 
(AMF) in micro-propagated clones of C. arabica L. can 
be a promising technology.
Arbuscular mycorrhizal fungi (AMF), belonging 
to the phylum Glomeromycota, establish symbiotic 
mutualistic associations with the roots of most vascular 
plants (Siqueira et al., 2010). These fungi colonize greater 
volume of soil due to their mycelium network, increasing 
the volume of exploited soil and absorption of water 
and nutrients, especially phosphorus (Maia; Silveira; 
Cavalcante, 2006; Kahiluoto; Ketoja; Vestberg, 2012; 
Posada et al., 2018; Rojas et al., 2019). Furthermore, 
it provides greater resistance to adverse environmental 
conditions by increasing the post-planting survival 
and the initial development of coffee trees in the field 
(Silveira et al., 2003; Souza; Cardoso; Barreto, 2006; 
Fonseca et al., 2019). The symbiosis also increases the 
absorption of nutrients such as P, Ca, Mg, S, and Cu and 
protects against toxicity of Mn, and Zn (Saggin-Junior 
et al., 1995; Saggin-Junior; Siqueira, 1995), promoting 
greater increments on dry mass and nutrient accumulation 
(Prates Junior et al., 2019).
The increased efficiency of the production 
process of clones via somatic embryogenesis using 
AMF can reduce costs in the production of vigorous 
coffee seedlings. The use of AMF in coffee seedlings 
is still little studied, as demonstrated by Cogo et al. 
(2017) in their systematic review. Therefore, this 
study aimed to evaluate the contribution of AMF on 
the acclimation of two clones reproduced by somatic 
embryogenesis.
MATERIAL AND METHODS
The experiment was conducted under greenhouse 
conditions at the experimental nursery of Procafé 
Foundation, located in Varginha, state of Minas Gerais, 
Brazil (geographical coordinates 21°34’00”S and 
45°24’22” W, altitude = 1,000 m).
Experimental design, genotypes and arbuscular 
mycorrhizal fungi
The experiment was conducted in a completely 
randomized design with two replications arranged in a 2 
x 6 factorial scheme. Two clones of coffee, Clone 1 “Red 
fruiting Catucaí” and Clone 2 “Acauã”, and five AMFs 
inoculants, F1 (Rhizophagus clarus), F2 (Gigaspora 
margarita), F3 (Acaulospora mellea), F4 (a mixture of R. 
clarus and G. margarita) and F5 (a mixture of R. clarus, 
G. margarita, and A. mellea), as well as an uninoculated 
treatment (F6) were used in the experiment.
The treatments were composed of four repetitions 
and six clones per each experimental unit. The studied 
clones were chosen based on their resistance to rust 
(Hemileia vastatrix), good quality of beverage and high 
productivity. The genotype Red fruiting Catucaí (Clone 
1) originates from the crossing between Icatu and Catuaí 
and Acauã (Clone 2) originates from the crossing between 
‘New World 388-17’ and ‘Sarchimor IAC 1668’.
For the multiplication of AMF, a substrate 
composed of soil (Dystrophic Red Latosol) and sand at a 
ratio of 1:1 (v:v) was used. The substrate was sterilized 
by autoclaving at 120 °C for 60 minutes and this process 
was repeated by completing 24 hours. After 20 days, 3-L 
pots were filled with substrate and seeded with Brachiaria 
decumbens, which was inoculated separately with spores 
of R. clarus, G. margarita and A. mellea. After cultivation, 
the spore density of each species was quantified separately, 
using 50 mL of sample, followed by wet extraction, 
according to (Gerdemann; Nicolson, 1963).
Clones and substrate production and fertilization
The plants used in this study were produced 
by somatic embryogenesis, according to the protocol 
described by (Teixeira, 2018). Leaves from the matrix 
plants that were disinfected were cut into small 
segments and placed in Petri dishes with culture 
medium for the induction of embryogenic calluses. 
The embryogenic calluses were multiplied in a 
liquid medium under constant agitation, followed by 
induction to regenerate somatic embryos. The somatic 
embryos were transferred to temporary immersion 
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bioreactors and maintained in this condition until the 
cotyledon stage. The embryos were grown in pots 
with culture medium for seedling development. When 
the clones presented about five centimeters in height 
and four pairs of leaves, they were transferred to 
polyethylene tubes of 290 cm3 with an inert substrate 
composed of thin coconut fiber, and stored under 
greenhouse conditions to be acclimatized. 
The substrate fertilization for the treatments with 
and without (control) inoculation of AMF was carried 
out by adding 8.00 g dm-3 of 14-14-14 fertilizer (N-P-K) 
of slow-release Osmocote® and 5.00 g dm-3 of 09-45-11 
fertilizer (N-P-K) of Raizal 400® to the substrate. At the 
end of the test, the substrates of the treatments with and 
without inoculation with AMF were analyzed for their 
nutrient contents, presenting the following results without 
fertilization: 1.4 mg dm-3 P, 3.3 mg dm-3 K, 3.0 cmolc dm
-3 Ca 
and 0.6 cmolc dm
-3 Mg. After fertilization, the substrate 
presented the following values: 27.3 g kg-1 N, 2.3 g kg-1 
P, 14.9 g kg-1 Ca and 3.0 g kg-1 Mg.
Inoculation of seedlings
During the process of pricking, 336 seedlings were 
transferred from in vitro conduction to tubes of 290 cm3. 
At the time of transplanting, the clones were inoculated 
with 50 mL of AMFs using soil inoculum containing 600 
spores, hyphae and colonized roots composed of R. clarus, 
G. margarita, A. mellea, and mixtures of A. clarus + G. 
margarita and R. Clarus + G. margarita + A. mellea. The 
same proportions of spores were applied in the mixtures.
Experiment conduction
The tubes with the seedlings were placed in a 
greenhouse equipped with nebulization irrigation system, 
within 12 hours, on for 20 seconds with a 20 minutes 
watering shift, and water blade of 0.8mm, daily. The 
seedlings remained in the greenhouse for 135 days. 
After this period, they were transferred to a nursery for 
acclimatization during 180 days.
The acclimatization of the seedlings was held in 
nursery equipped with protection on the top and on the 
sides with 50 % shading screen (Sombrite®). An automatic 
intermittent sprinkling irrigation period of 4 hours, 
connected by 5 minutes with irrigation shift of 5 hours 
and daily water blade of 6 mm was used.
After six months, the experiment was evaluated 
with ClorofiLoG® model CFL 1030 chlorophyll-meter, 
expressed as Falker Chlorophyll Index (FCI). The leaf 
areas of the seedlings were also determined (Huerta, 1962). 
The material was cut and separated into roots and shoots. 
The roots were washed in running water for removal of 
substrates, and fragments of 1 to 2 cm were stored in 70% 
alcohol solution for later determination of the percentage 
of colonized roots (Giovannetti; Mosse, 1980). The 
remaining roots as well as the whole aerial part were dried 
until constant weight in a forced air circulation oven 
at 65 °C for the determination of root dry mass (RDM), 
shoot dry mass (SDM) and total dry mass (TDM).
After determining APDM, shoots were milled 
in mill type Willey with 40 mesh sieve and digested 
in sulfuric acid solution for the determination of N 
(nitrogen) by micro Kjeldahl method (distillation) and 
nitro-perchloric solution 2:1 (v:v). The contents of of 
phosphorus (P) and calcium (Ca) were then determined 
by colorimetry and atomic absorption spectrophotometry, 
respectively (Malavolta; Vitti; Oliveira, 1997). The 
accumulation of nutrients was calculated by multiplying 
the concentration of nutrients in the aerial part by aerial 
part dry mass.
Statistical analyzes
The data were analyzed for normality (Lillierfors 
test) and homogeneity of variances (Cochran and Barttlet 
test). The percentages of colonized roots and leaf area were 
transformed by using ln (x + 2) when a normal distribution 
was not followed or when the value was inferior to 30%. 
The variables were submitted to analysis of variance using 
the F test at 5% significance level and the averages of the 
treatments where compared by the Scott and Knott test at 
5% significance level. Correlation analysis was determined 
between the variables at 5% significance level using the 
Pearson test. All statistical analyses were performed on 
the statistical analysis system Sisvar (Ferreira, 2011) and 
SAS program (SAS, 1999), version 9.1.
RESULTS AND DISCUSSION
The height of the aerial part in Clone 1 inoculated 
with AMF showed higher values when compared with 
non-inoculated plants (20.4 and 41.7 %, respectively). 
No significant differences were observed between the 
treatments in Clone 2. The inoculations of AMF in F1, F2, 
F3 and F5 in Clone 1 were higher when compared with 
Clone 2. The stem diameter presented the same trend of the 
values of height for Clone 1. The seedlings of this clone 
inoculated with AMF in F1, F2, F3, F4 and F5 showed 
increases in stem diameter, ranging from 18.6 to 39.5% 
when compared with the control treatment (Table 1). As 
for the inoculations of AMF in F1, F2 and F3 in Clone 1, 
stem diameter values were higher than Clone 2.
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The leaf area of Clone 2 with and without 
inoculation with AMF did not differ among the treatments 
while Clone 1 presented higher leaf area values for the 
inoculation treatments when compared with the control 
treatment. This increase ranged from 55.5 to 103.3%. 
When comparing the effects of the studied clones, Clone 
1 inoculated with AMF in F1, F2, F3, F4 and F5 showed 
increases when compared with Clone 2.
The present study corroborates with the proposed 
in the literature for the initial growth of seedlings of 
coffee, indicative that the AMF species used as inoculants 
promoted a positive response (Saggin-Júnior et al., 1995). 
Some authors observed that cultivars of C. arabica L. 
inoculated with species and/or isolates of AMF feature 
significant increase for the characteristics of height and 
stem diameter (Bhattacharya; Bagyaraj, 2002; Konrad et 
al., 2014).
It is clear from these results that there is a positive 
response to the inoculation of seedlings with AMF, 
especially for height, stem diameter and leaf area (Table 1). 
Considering coffee seedlings inoculated with AMF and 
with low doses of P in the soil, there was no positive effect 
on increased leaf area (Siqueira; Collozi-Filho, 1986).
This result is favorable for the plant since it 
provides benefits such as a greater initial growth of the 
aerial part, greater photosynthetic rate and larger stem 
diameter among others. Studies show that AMF promoted 
increases in the chlorophyll contents in leaves of coffee 
(Tristão; Andrade; Silveira, 2006).
The results of this study indicate that the species 
of inoculated AMF affects the response of the plant, 
corroborating with other studies with AMF in symbiosis 
with plants (Saggin-Júnior et al., 1995; Moreira et al., 2019).
The total chlorophyll content was higher in 
seedlings inoculated with R. clarus and with R. clarus 
and G. margarita, differing significantly from other the 
inoculated treatments (Figure 1).
Table 1: Shoot height, stem diameter and leaf area of seedlings of two clones of coffee with and without 
inoculation with arbuscular mycorrhizal fungi carried out under greenhouse conditions in Varginha, MG.
Shoot height Stem Diameter Leaf area
Treatments Clone 1 Clone 2 Clone 1 Clone 2 Clone 1 Clone 2
...........cm........... ...........mm.......... ...........m2..........
Control 12.4 bA 1/ 12.5 aA 2.5 bA 2.8 aA 189.7 bA 253.2 aA
R. clarus 15.9 aA 12.3 aB 3.3 aA 2.5 aB 357.8 aA 164.8 aB
G. margarita 16.5 aA 12.6 aB 3.5 aA 2.7 aB 385.7 aA 193.9 aB
A. mellea 17.6 aA 11.4 aB 31 aA 2.3 aB 376.7 aA 181.3 aB
R. c.; G. m. 14.9 aA 13.0 aA 3.0 aA 2.9 aA 294.9 aA 186.0 aB
R. c.; G. m.; A. m. 17.0 aA 12.1 aB 3.0 aA 2.7 aA 353.3 aA 156.5 aB
CV2/, % 13.4 14.7 3.4
1/ For each variable, averages followed by the same uppercase letters in the row and lowercase in the column do not differ from 
each other by the Scott and Knott test at 5% significance level; 2/ Coefficient of variation.
R. c.: Rhizophagus clarus; G. m.: Gigaspora margarita; A. m.: Acaulospora mellea.
Figure 1: Graphical representation of the averages 
of the total Falker chlorophyll content of clones of 
coffee with and without inoculation with arbuscular 
mycorrhizal fungi carried out under greenhouse 
conditions in, Varginha MG. R. c.: Rhizophagus clarus; 
G. m.: Gigaspora margarita; A. m.: Acaulospora mellea.
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Shoot dry mass (SDM), root dry mass (RDM) 
and total dry mass (TDM) were influenced by fungi and 
depended on the studied clone (Table 2). For Clone 2, 
SDM did not differ between the treatments. As for Clone 
1, seedlings inoculated with AMF in F2, F3 and F5 
showed increases of SDM when compared with the control 
treatment. When comparing the studied clones, Clone 1 
presented higher SDM values than Clone 2 (Table 2).
The root dry mass of Clone 2 did not differ between 
treatments. As for Clone 1, seedlings inoculated with FMA 
in F1, F2, F3, F4 and F5 showed increases when compared 
with the control treatment. Between the studied clones, Clone 
1 presented higher values than Clone 2 for the treatments 
inoculated with FMA in F1, F2, F3 and F5 (Table 2).
For total dry mass, Clone 1 inoculated with AMF 
in F1, F2, F3, F4 and F5 showed increases when compared 
with the control treatment (Table 2). Between the studied 
clones, Clone 1 presented higher values than Clone 2 for 
the treatments inoculated with FMA in F1, F2, F3 and F5 
(Table 2).
The main effects of the studied fungi influenced the 
accumulations of N and P. On average, the accumulations 
of N on both clones were greater in seedlings inoculated 
with AMF in F3, F4 and F5 when compared with non-
inoculated seedlings (control). As for the accumulation 
of P, the values were higher in seedlings inoculated with 
AMF in F2, F3, F4 and F5 (Figure 2). The accumulation 
of Ca considering the averages of both studied clones was 
greater in seedlings inoculated with AMF in F5 (Figure 2).
Accordingly, the parameters of vegetative growth 
and SDM, RDM and TDM promoted satisfactory gains 
with the inoculation with AMF in Clone 1 (Table 2). 
Siqueira et al. (1995) obtained similar results in studies 
using coffee plants inoculated with AMF alone or in 
combinations, which presented higher values for SDM and 
RDM when compared with the control treatment.
Other studies corroborate with the results obtained 
in the present study, in which coffee plants inoculated with 
several species of AMF increased the absorption of N and 
P (Hodge; Campbell; Fitter, 2001). Similar results for the 
assessed nutrients were observed for C. arabica L. inoculated 
with AMF isolated or in combinations (Fonseca et al., 2019).
Colonization was greater in seedlings inoculated 
with the mixture differing significantly from the other 
inoculated treatments. The results of the percentage of 
colonized roots were satisfactory, since non-inoculated 
plants (control) failed colonization, and treatment F5, 
which consisted of three genes or species of AMF, showed 
the highest percentage of colonization (Figure 3). The 
percentage of colonized roots, the content of chlorophyll 
and shoot dry mass were influenced only by inoculation 
with AMF, being observed increments in these variables 
in the presence of AMF when compared with the control 
treatment (Figure 3) regardless of the studied clones.
Multiple studies with different genetic materials 
of coffee plants inoculated with AMF showed variations 
in the percentage of colonized roots with environmental 
influence by various biotic and abiotic factors (Siqueira 
et al., 1995; Flores-Aylas et al., 2003; Costa et al., 2005; 
Berbara; Souza; Fonseca, 2006; Machineski; Balota; 
Souza, 2011; Albán; Guerrero; Toro, 2013; Mustafa et al., 
2016; Bertolini et al., 2020).
Table 2: Shoot dry mass, root dry mass and total seedling dry mass of two clones of coffee with and without 
inoculation with arbuscular mycorrhizal fungi carried out under greenhouse conditions in Varginha MG.
Shoot dry mass Root dry mass Total seedling dry mass
Treatments Clone 1 Clone 2 Clone 1 Clone 2 Clone 1 Clone 2
....................................... g .......................................
Control 2.55 bA 2.65 aA 1.41 bA 1.20 aA 3.93 bA 3.78 aA
R. clarus 3.00 bA 2.55 aA 2.15 aA 1.29 aB 5.17 aA 3.84 aB
G. margarita 3.28 aA 2.83 aA 2.38 aA 1.63 aB 5.66 aA 4.44 aB
A. mellea 3.50 aA 2.65 aB 2.42 aA 1.27 aB 5.93 aA 4.02 aB
R. c.; G. m. 2.98 bA 2.93 aA 2.32 aA 1.89 aA 5.30 aA 4.80 aA
R. c.; G. m.; A. m. 3.23 aA 2.68 aB 2.62 aA 1.19 aB 584 aA 3.86 aB
CV2/, % 10.9 25.4 13.8
1/ For each variable, averages followed by the same uppercase letters in the row and lowercase in the column do not differ from 
each other by the Scott and Knott test at 5% significance level; 2/ Coefficient of variation.
R. c.: Rhizophagus clarus; G. m.: Gigaspora margarita; A. m.: Acaulospora mellea.
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Another important point to be explored is how the 
species and genes of AMF used in the controlled inoculation. 
Moreira et al. (2019) studied Gigaspora margarita and 
Rhizophagus clarus and observed an increase to shoot 
dry mass and root system when compared with the non-
inoculated treatment. Therefore, the species of AMF affect 
positively the answer of the plant and present a positive point 
regarding programs of controlled use of AMF. It is necessary 
the use of effective inoculants that are adapted to the soil, 
climate conditions and culture management.
Tristão, Andrade and Silveira (2006), evaluating Yellow 
Catuaí seedlings IAC 62 inoculated with AMF in different 
substrates, observed a wide variation in the percentage of roots 
colonized with values ranging from 3.1 to 39.1%. The values 
are similar to the results of the present study.
Therefore, the parameters of growth in height, stem 
diameter, shoot and root dry mass, total leaf area, chlorophyll 
content and total deposits of N, P and Ca were positively 
affected by inoculation of AMF in at least one of the studied 
clones, showing greater effects when compared with groups 
of non-inoculated seedlings. This fact observed on the 
results obtained in this study where significant positive 
correlation was found between mycorrhizal colonization, 
root dry mass, total dry mass and accumulation of Ca 
(Table 3) in Clone 1 contributed to the development of the 
plant due to the increased absorption of nutrients, especially 
Ca. On the other hand, Clone 2 did not present this effect.
Figure 3: Average values of percentage of colonized 
roots of seedlings of two clones of coffee with and 
without inoculation of arbuscular mycorrhizal fungi 
carried out under greenhouse conditions in Varginha, 
MG. R. c.: Rhizophagus clarus; G. m.: Gigaspora margarita; 
A. m.: Acaulospora mellea.
Figure 2: Graphical representation of the average 
accumulation of N, P and Ca in seedlings of clones of 
coffee with and without inoculation with arbuscular 
mycorrhizal fungi carried out under greenhouse 
conditions in Varginha MG. R. c.: Rhizophagus clarus; G. 
m.: Gigaspora margarita; A. m.: Acaulospora mellea.
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Other authors have observed similar results for 
cultivars of C. arabica L. inoculated with AMF isolated or in 
combinations (Tristão; Andrade; Silveira, 2006; Sammaurina 
et al., 2020). When plants are colonized with AMF, they 
generally do not show signs of deficiency. Moreover, they 
present better field adaptation aspects, such as survival and 
initial growth (Surpano et al., 2015; Prates Junior et al., 2019). 
There, the effectiveness of using AMF for the formation of 
coffee seedlings in nursery environments can be transferred 
to a most advanced phase of development of the coffee 
plants. Furthermore, another point to be noted is the quality 
and mineral nutrition of plants, providing greater vigor and 
greater productivity of coffee plants.
CONCLUSIONS
The use of AMF improved the development of 
micro-propagated seedlings of Coffea arabica L. in the 
phase of acclimatization. The studied clones presented 
different behaviors when inoculated with AMF. Clone 
1 (red fruiting Catucaí) showed better ability to be 
used in the production of micro-propagated seedlings 
using AMF.
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Table 3: Clone correlation between the percentage of colonization, height, stem diameter, shoot dry mass, root 
dry mass, total dry mass, leaf area, chlorophyll content and accumulation of N, P and Ca for seedlings of coffee 
with and without the use of arbuscular mycorrhizal fungi on a greenhouse experiment, Varginha MG.













Stem diameter 0.500ns 0.695ns
Aerial part dry 
mass 0.661ns 0.967** 0.655ns
Root dry mass 0.944** 0.911* 0.644ns 0.867*
Total dry mass 0.848* 0.968** 0.671ns 0.957** 0.974**
Leaf area 0.687ns 0.955** 0.875* 0.911* 0.867* 0.917*
Chlorophyll 
content 0.402ns 0.395ns 0.710ns 0.357ns 0.459ns 0.429ns 0.548ns
Nitrogen 0.782ns 0.564ns 0.312ns 0.564ns 0.761ns 0.698ns 0.487ns 0.635ns
Phosphorus 0.673ns 0.893* 0.795ns 0.941** 0.855* 0.924** 0.913* 0.602ns 0.653ns
Calcium 0.858* 0.724ns 0.246ns 0.640ns 0.830* 0.772ns 0.586ns -0.063ns 0.488ns 0.480ns
Clone 2
Height -0.262ns
Stem diameter -0.184ns 0.849*
Aerial part dry 
mass 0.205ns 0.610ns 0.603ns
Root dry mass 0.093ns 0.693ns 0.462ns 0.907*
Total dry mass 0.133ns 0.680ns 0.519ns 0.957** 0.990**
Leaf area -0.831* 0.247ns 0.395ns 0.058ns -0.057ns -0.020ns
Chlorophyll 
content 0.667ns -0.072ns -0.229ns 0.273ns 0.397ns 0.364ns -0.851*
Nitrogen 0.839* -0.264ns -0.065ns 0.162ns 0.020ns 0.068ns -0.748ns 0.762ns
Phosphorus 0.495ns 0.346ns 0.368ns 0.911* 0.814* 0.864* -0.278ns 0.601ns 0.518ns
Calcium 0.645ns 0.370ns 0.115ns 0.631ns 0.726ns 0.710ns -0.600ns 0.606ns 0.339ns 0.690ns
*  and ** 5 and 1% significance level, respectively. ns not significant by the Pearson test.
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